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Design, System, Application

Effective delivery of peptides and peptide-based therapeutics is limited by several obstacles
including rapid enzymatic degradation, structural disorganization, and low molecular selectivity.
In this work, we utilized previously established design criteria to construct peptide amphiphiles
(PAs) which have the capacity to self-assemble into stable, nanostructured peptide amphiphile
micelles (PAMs) in water. PAMs serve as a promising delivery platform for enhancing therapeutic
payload and improving cellular interactions, though micelle bioactivity and architecture are
significantly influenced by the molecular composition of the PA and its components. Here, we
attached single- or double-lipid moieties and zwitterion-like blocks with varying electrostatic
charges onto the therapeutic peptide’s N- and C-termini, respectively, yielding PAMs with various
shapes and surface properties. Assessment of critical micelle concentration, surface charge, size,
and secondary structure was carried out for each micelle formulation, and cell association was
measured for the purpose of determining which PAM architecture most efficiently transported the
therapeutic payload. Double-lipid, charge-balanced PAMs were found to have the greatest level of
cellular interactions, demonstrating their potential for controlled, targeted peptide delivery. Future
directions will focus on leveraging the tunability of PAMs to co-deliver highly specific targeting
aptamers, molecular adjuvants, and fluorescent trackers for enhanced therapeutic and diagnostic
functions.
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Design, System, Application

Effective delivery of peptides and peptide-based therapeutics is limited by several obstacles
including rapid enzymatic degradation, structural disorganization, and low molecular selectivity.
In this work, we utilized previously established design criteria to construct peptide amphiphiles
(PAs) which have the capacity to self-assemble into stable, nanostructured peptide amphiphile
micelles (PAMSs) in water. PAMs serve as a promising delivery platform for enhancing therapeutic
payload and improving cellular interactions, though micelle bioactivity and architecture are
significantly influenced by the molecular composition of the PA and its components. Here, we
attached single- or double-lipid moieties and zwitterion-like blocks with varying sequences onto
the therapeutic peptide’s N- and C-termini, respectively, yielding PAMs with various shapes and
surface properties. Assessment of critical micelle concentration, surface charge, size, and
secondary structure was carried out for each micelle formulation, and cell association was
measured for the purpose of determining which PAM architecture most efficiently transported the
therapeutic payload. Double-lipid, balanced zwitterion-like block PAMs were found to have the
greatest level of cellular interactions, demonstrating their potential for controlled, targeted peptide
delivery. Future directions will focus on leveraging the tunability of PAMs to co-deliver highly
specific targeting aptamers, molecular adjuvants, and fluorescent trackers for enhanced therapeutic
and diagnostic functions.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Abstract

Open Access Article. Published on 06 2025. Downloaded on 12.03.2025 20:32:56.

Vasoactive intestinal peptide (VIP) is a promising anti-inflammatory peptide therapeutic
that is known to induce biological effects by interacting with its cognate receptor (i.e., VPAC) on
the surface of antigen presenting cells (APCs). Little is known about how VPAC targeting affects
APC behavior for VIP-based drug delivery systems like nano- and microparticles. This is further
influenced by the fact that particulate material properties including chemistry, shape, and size are
all known to influence APC behavior. In this study, peptide amphiphile micelles (PAMs) were
employed as a modifiable platform to study the impact VPAC targeting and physical particle
properties have on their association with macrophages. VIP amphiphile micelles (VIPAMSs) and
their scrambled peptide amphiphile micelle analogs (VIPAMs) were fabricated from various
chemistries yielding particle batches that were comprised of spheres (10 - 20 nm in diameter)
and/or cylinders of varying lengths (i.e., 20 - 9000 nm). Micelle surface attachment to and
internalization by macrophages were observed using confocal microscopy and their association
was characterized by flow cytometry. The enclosed work provides strong evidence that
macrophages rapidly bind VPAC specific micelles, and that micelle shape, size, and receptor-
specificity all influence macrophage association and internalization. Specifically, a mixture of
spherical and short cylindrical VIPAMSs were able to achieve the greatest cell association which
may correlate to their capacity to fully bind the VPAC receptors available on the surface of
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macrophages. These results provide the foundation of how nano- and microparticle physical
properties and targeting capacity combine to influence their capacity to associate with APCs.

Introduction

Vasoactive intestinal peptide (VIP) is an endogenous neuropeptide that has emerged as a
promising immunomodulatory candidate for treating a wide variety of inflammatory conditions?.
VIP adeptly mitigates proinflammatory cytokine expression, promotes anti-inflammatory activity,
and modulates immune cell processes, contributing to a balanced immune homeostasis®®. Despite
its safety and efficacy, the clinical development of VIP as an immunotherapeutic agent faces
several challenges including possessing a very short half-life and undesirable off-target effects®.
To overcome these limitations, researchers have begun engineering VIP using various approaches
to improve its pharmaceutical properties while maintaining or enhancing its immunomodulatory
activity®. In the context of peptide therapeutics, lipidation has been found to enhance peptide
delivery and bioactivity®’ making this a promising approach for VIP delivery. Despite the
successes of lipid-peptide drug conjugates, further investigation is needed into the role that
structure and other material properties have on their biological effects.

Peptide amphiphiles (PAs) are lipid-modified peptides that self-assemble into
nanostructured peptide amphiphile micelles (PAMs) in water. PAMs offer several advantages that
overcome the limitations associated with free peptide administration; they can prevent peptidyl
diffusion®, increase local peptide concentration®, enhance intracellular peptide delivery, and
improve peptide bioactivity!!. The effects of PAMs on the immune system depend on different
factors, including, but not limited to, the shape and size of micelles'®*3. Specifically, these factors
can affect micelle-cell association and internalization, contributing to the activation of antigen
presenting cells (APCs) to an inflammatory state'**°. Therefore, the investigation of macrophage
association with and uptake of micelles of different shapes and sizes is crucial to understanding
how they affect the immune system. Moreover, most studies have focused on the cell processing
of solid particles (i.e., polymerict®!’, silica'®'®, and metallic?®?') which may behave differently
than supramolecular particles like PAMs?2. Importantly, few studies analyzing VIP amphiphile
micelle (VIPAM) structure and shape as well as their effects on the immune system and cell
interactions have been undertaken. Recently, our research group synthesized a small library of
VIPAMs containing different N-terminal palmitoyl and dipalmitoyllysine moieties and zwitterion-
like lysine - glutamic acid peptide segments which includes PalmK-(EK)s-VIP, PaImK-VIP-(KE)a,
Palm:K-(EK)s-VIP, and Palm,K-VIP-(KE)s. Morphological assessments demonstrated that the
zwitterion-like block location within the PAs greatly impacted the assembly, structure, and charge
of VIPAMs which influenced their stability, cell interactions, and bioactivity?. Based on this
work, external zwitterion-like block-VIPAs were selected for further study due to their optimized
shape, size, charge, and durable anti-inflammatory effects.

This study further investigates the intricate interplay between the physical properties of
VIPAMs and their cellular interactions with macrophages. Here, we synthesized and characterized
anew VIPA library which includes PalmK-VIP-(KE)4, PalmoK-VIP-(KE)s, Palm;K-VIP-(KE) K4
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and PalmK-VIP-(KE):E4. The modification of the (KE)4 block was specifically targeted as this
can allow for modification of micellar shape, an aspect of significant importance for cell-
nanoparticle interactions*®''®. Scrambled analogs of these products (i.e., PalmK-SVIP-(KE)4,
Palm2K-SVIP-(KE)4, Palm2K-SVIP-(KE).K4, and Palm,K-SVIP-(KE).E4) were also synthesized
since these allow for the probing of the role receptor-specific interactions have on VIPAM
bioactivity.

The strategic design of PAMs with external zwitterion-like lysine - glutamic acid
sequences and dipalmitoyllysine additions was employed to help optimize VIP delivery and
bioactivity. Specifically, structurally unique VIPAMSs were formed with shapes ranging from small
spheres to long cylinders. VIPAM shapes were controlled by altering both the ratio of lysine to
glutamic acid within the (KE)x sequences as well as the number of hydrocarbon tails in the lipid
moiety. Interestingly, micelle shape and size directly influenced cellular association and
internalization. This effect demonstrated the clear benefit of utilizing PAMs to effectively deliver
VIP to target cells for immunomodulation. Additionally, these findings open new possibilities for
developing advanced immunotherapies leveraging the unique functional capacity of PAMs.

Materials and Methods

Vasoactive intestinal peptide (VIP, Ac-HSDAVFTDNYTRLRKQMAVKKYLNSILN-
CONH,), scrambled VIP (°VIP, Ac-NSDLIATDSYTRMRKQVLANKKFHYLVN-CONH,),
Fmoc-VIP-KEKEKEKE-CONH-Resin, Fmoc-SVIP-KEKEKEKE-CONH-Resin, Fmoc-VIP-
KEKEKKKK-CONH-Resin, Fmoc-SVIP-KEKEKKKK-CONH-Resin, Fmoc-VIP-KEKEEEEE-
CONH-Resin, and Fmoc-SVIP-KEKEEEEE-CONH-Resin were purchased from Synpeptide Co.,
Ltd, China. Fmoc-Lys(Fmoc)-OH, Fmoc-Lys(ivDde)-OH, and ivDde-Lys(Fmoc)-OH were
acquired from Novabiochem. AK Scientific, Inc. and AnaSpec, Inc. were the suppliers used for 2-
(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate (HBTU) and 1-
hydroxybenzotriazole hydrate (HOBt hydrate), respectively. Palmitic acid (Palm) and 5(6)-
carboxyfluorescein (FAM) were acquired from Acros Organics. Piperidine, triisopropylsilane
(TIS), N,N-diisopropylethylamine (DIEA) were purchased from Chem-Impex International, Inc,.
Dimethylformamide (DMF), 1-methyl-2-pyrrolidinone (NMP), acetic anhydride (Acz0),
hydrazine monohydrate, thioanisole (TA), trifluoroacetic acid (TFA), phenol, ethanedithiol (EDT),
and diethyl ether were bought from Millipore Sigma. A glass peptide reaction vessel was obtained
from Chemglass Life Sciences. Fetal bovine serum (FBS) was sourced from Sigma Aldrich,
located in St. Louis, MO. Penicillin/streptomycin solution was purchased from ThermoFisher,
based in Waltham, MA. Lipopolysaccharide (LPS) was obtained from Santa Cruz Biotechnology,
Inc., Dallas, TX. The molecule 1,6-diphenyl-1,3,5-hexatriene (DPH) was acquired from Sigma
Aldrich, St. Louis, MO.
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Solid Phase Peptide Synthesis (SPPS) and Lipidation

The library of VIP and SVIP products were synthesized on a resin support employing
standard Fmoc solid phase peptide synthesis (SPPS) using our previously reported method?®. The
general approach for the synthesis of the PA formulations is outlined in Scheme 1. The dry resin
was rinsed with NMP for 2 hours under a nitrogen atmosphere with bubbling to provide mixing.
Between each step, the resin was pre-washed three times with the solvent for the next coupling or
deprotection reaction. Fmoc deprotection was achieved by treatment with 25% piperidine in DMF
(2 x 30 min). The ivDde protecting group was removed using 2% hydrazine monohydrate in DMF
(6 x 20 min). For amino acid or lipid conjugation, Fmoc-Lys(ivDde)-OH, ivDde-Lys(Fmoc)-OH,
Fmoc-Lys(Fmoc)-OH, or palmitic acid (1 equiv) were pre-activated with HBTU (4.2 equiv), HOBt
(5 equiv), and DIEA (10 equiv) in NMP for 10 min. The activated species were then coupled to
the N-terminus of the resin-bound peptide over three 90 min coupling cycles. For fluorescent
labeling, FAM (1 equiv) was pre-activated similarly using HBTU/HOBt/DIEA and coupled to the
N-terminus over three overnight cycles. Remaining unreacted N-termini were capped by treatment
with 5% acetic anhydride and 7% DIEA in NMP for 15 min.

After modifications, the resin was washed with methanol (3x), transferred to a 15 mL
centrifuge tube as a methanol slurry, and dried under high vacuum. Peptide cleavage from the resin
and global deprotection of side chains was achieved by a 2 h treatment with a cleavage cocktail of
TFA/thioanisole/triisopropylsilane/water/phenol/ethanedithiol (87.5:2.5:2.5:2.5:2.5:2.5). Cleaved
peptides were precipitated in diethyl ether and then centrifuged. The solid was collected,
resuspended in fresh diethyl ether by vortexing (3x) to wash the solids, and finally dissolved in
minimal deionized water for lyophilization to yield the purified product as a powder. All crude
VIP and VIP amphiphiles (VIPAs) as well as their scrambled analogues were analyzed by an
analytical high-pressure liquid chromatograph (HPLC, Beckman Coulter) and purified by
preparative mass-spectrometry fraction-controlled HPLC (HPLC-MS) on a C4 column (Milford,
MA).
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Scheme 1. Fluorophore labeled and non-fluorophore labeled V1P amphiphiles and SVIP
amphiphiles synthesis approaches.
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Critical Micelle Concentration (CMC)

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

A critical micelle concentration (CMC) assay was performed to determine the concentration at
which different VIPAs and SVIPAs form micelles in. In this study, DPH was employed as a
fluorophore to determine the CMC. DPH can exhibit weak fluorescence in aqueous environments,
but becomes strongly fluorescent when incorporated within a hydrophobic domain. PAs were
serially diluted (31.6 uM to 0 uM) in 1 uM DPH in phosphate buffered saline (PBS) and allowed
to incubate for at least 1 hour. Sample fluorescence was measured by a Cytation 5
fluorospectrophotometer (BioTek Instruments, Inc., Winooski, VT) at ex: 350 nm, em: 428 nm.
The jerk point between stable low fluorescence and the beginning of a rapid increase in
fluorescence was considered the CMC for the sample.
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Micelle Morphology Characterization

PAM morphology was characterized by negative-stain transmission electron microscopy
(TEM) using a previously established method?. Micelle solution (5 uM) was added to a carbon
support TEM grid (200 mesh, Electron Microscopy Sciences, Hatfield, PA). After 5 minutes of
incubation, the solution was removed and immediately followed by the addition of 5 uL of NanowW
(Nanoprobes, Inc, Yaphank, NY). After 3 minutes of incubation, the solution was removed and
grids were left to dry followed by imaging with a JEOL JEM-1400 TEM at 120 kV. Images of at
least three different spots on each grid were taken and analyzed.
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Size and Surface Charge Measurement

The size and surface charge of micelles were determined by measuring dynamic light
scattering and zeta potential, respectively, using a Malvern zetasizer (Malvern, UK). For dynamic
light scattering, PAM product solutions (200 uL) were prepared at a concentration of 5 uM in 2%
PBS in deionized, distilled water (ddH20) and measured using the backscattering method. For Zeta
potential measurement, solutions (750 pL) were prepared to a concentration of 10 uM in 2% PBS
in ddH20 and assessed by the Smoluchowski method.

Secondary Structure Measurement

Micelle secondary structure was assessed by circular dichroism (CD) using a Chirascan V100
CD spectrometer from Applied PhotoPhysics (Leatherhead, UK). Micelle solutions (40 uM) were
prepared in PBS and loaded into a 0.5 mm cuvette and measured spectrophotometrically from 200
nm to 250 nm with an interval of 1 nm. The data were fit using a linear combination of polylysine
and polyglutamine structures to calculate approximate a-helical, B-sheet, and random coil content.

Cell Assessment

Immunomodulatory experiments were conducted with murine RAW 264.7 (macrophage-like
cells - Mos) using an established protocol?®. Complete Dulbecco’s Modified Eagle Medium
(DMEM) was made by supplementing DMEM with 1% penicillin/streptomycin (ThermoFisher,
Waltham, MA), and 10% FBS (FBS, Sigma Aldrich, St. Louis, MO). Mes were cultured in 100
mm diameter, non-treated petri-dishes in complete DMEM at 37 °C and 5% CO>. The cells were
seeded in non-tissue culture treated 24-well plates at 50,000 cells per well. After overnight
incubation in complete DMEM, cells were stimulated with 0.1 pg/mL of LPS (Santa Cruz
Biotechnology, Inc., Dallas, TX) along with varying concentrations of VIP, VIPAs, SVIP, or
SVIPAs. All peptides were non-fluorophore labeled whereas micelle products possessed small
amounts of fluorophore labeled components (i.e., 1:19 FAM-PA:Non-FAM-PA). Cells given
media alone without the LPS stimulus were studied as a negative control. After 1 or 6 hours of
incubation, supernatant solutions were collected for assessment of secreted tumor necrosis factor-
a (TNF-o) content using an enzyme-linked immune sorbent assay (ELISA) kit (Biolegend, San
Diego, CA). Cells were washed with PBS to delaminate them from the bottom of the non-tissue
culture treated 24-well plates after which a second wash with PBS was performed to ensure the
collection of all cells. To analyze viability, the collected cells were stained with the Live-or-Dye
594/614 Fixable Viability Staining Kit™ (Biotium, Fremont, CA) and then analyzed by a flow
cytometer (BD LSRFortessa X20) equipped with FACSDiva 8.0 Software to detect the
fluorescence intensity of each cell. FlowJo was utilized to gate the cells and analyze the
fluorescence signals.

For microscopy studies, cover slips were added to the non-tissue culture treated 24-well plates
before 0.05 million cells were placed in each well. After overnight incubation, cells were treated
with 0.1 pg/mL of LPS containing the same VIPAs or SVIPAs possessing small amounts of
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fluorophore labeled components (i.e., 1:19 FAM-PA:Non-FAM-PA) as was used for the previous
studies. After 1 hour or 6 hours of incubation, cells bound to coverslips were washed with Hank’s
Balanced Salt Solution (HBSS) and stained with 5 pg/mL wheat germ agglutinin (WGA) for 10
minutes at 37 °C and 5% COa. Cells were then washed twice with PBS to remove any non-
associated stain. Cells were fixed through exposure to 4% paraformaldehyde (PFA) for 15 minutes.
A total of three PBS washes were used to get rid of any excess PFA and then cells were subjected
to 1% Triton X-100 for 15 minutes to help permeabilize the fixed cell membrane. After washing
the cells three times with PBS, they were preincubated with 1% bovine serum albumin (BSA) in
PBS for 30 minutes to prevent non-specific binding of the 4,6’-diamidino-2-phenylindole (DAPI)
stain used to identify the cell nucleus. DAPI-containing mounting solution was then used to adhere
the cover slip to glass slides that were then analyzed for their fluorescence using a Leica TCS SP8
STED and MP confocal microscope. Leica LAS X 3D Analysis software was employed to analyze,
compile, and present the fluorescent data from the three channels used (i.e., 420 - 480 nm, 500 -
550 nm, and 670 nm - 730nm).

Statistical Analysis

The analysis of group comparisons was conducted using JMP software from SAS Institute
(Cary, NC). This involved performing an analysis of variance (ANOVA) assessment followed by
Tukey’s honest significant differences (HSD) test to identify pairwise statistically significant
differences (p < 0.05). In visual representations, groups with distinct letters or marked by a “*”
signify statistically significant differences in means, whereas groups with the same letter or no
symbol suggest statistically insignificant differences. All experiments were conducted with a
group size of four replicates to ensure reproducibility and reliability.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Bioactive Concentration Determination, Chemical Structure, and Physical Properties of
VIPAs and SVIPAs

In order to investigate the impact micelle structural changes have on Me association, the
previously studied double lipid, external zwitterion-like peptide block VIPA formulation (i.e.,
PalmK-VIP-(KE)s) was selected as a starting PA from which to design new products as it
displayed interesting concentration-, shape-, and size-dependent TNF-a expression modulation
behavior, especially when compared to its long cylindrical, single lipid analog (i.e., PalImK-VIP-
(KE)s)%. An initial dose effect study was completed to determine the optimal concentration for
these VIPAMSs and their unlipidated, unmicellized peptide controls. Minimal impact on cell
viability (Figure 1a) in conjunction with TNF-alpha reduction (Figure 1b) was observed at 5 puM.
Structurally distinct VIPAM formulations homologous to Palm;K-VIP-(KE)s were then generated
in order to study the influence micelle architecture has on Me association and uptake.
Incorporation of several lysine residues has been shown to reduce micelle size?* likely due to
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corona-based charge repulsion increasing micelle surface curvature yielding spherical micelles in
accordance with Israelachivili’s surfactant theory?®. Specifically, this theory defines a critical
packing parameter (CPP) of surfactant molecules like PAs as:

CPP =

ap % I,

where v represents the hydrocarbon core volume, a, is the effective head group area, and I is the
hydrocarbon chain length. Based on this concept, the VIPAM hydrophilic peptide block (i.e.,
(KE)s) was modified to contain short charge repulsive regions at the peptide C-terminus.
Specifically, the last four amino acids were made all positive (i.e., -(KE)2Ks — zwit-cat) or all
negative (i.e., -(KE)2E4 — zwit-an) yielding PAs with sequences of Palm:K-VIP-(KE).K4 and
Palm,K-VIP-(KE).E4 (Table 1).
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Figure 1. Effect of VIPAM exposure on LPS-activated Mo cell health (a) and TNF-a secretion
(b). For all concentrations, LPS treatments were carried out for 6 hours (n = 4). In each graph,
groups possessing the same letter have no statistically significant difference (p > 0.05).

In addition to the four VIPAM formulations, a scrambled VIP peptide (SVIP) was
synthesized and utilized to generate SVIPAM analogs to explore the influence peptide specificity
has on micelle association and internalization by cells. In order to generate a non-functional,
biocompatible scrambled peptide control, an algorithm employing a Boltzmann Factor scoring
function was first utilized to rearrange the native VIP peptide sequence?. Amino acids known to
participate in receptor binding were rearranged with residues possessing similar hydropathy, while
minimal modifications were performed for amino acids which contribute to overall VIP structural
integrity?’. The final sequence of SVIP peptide and how it compares to VIP can be found in Table
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1. Cytotoxicity and bioactivity studies were performed with SVIP and VIP at 5 uM using LPS-
treated Mos along with LPS-treated cells with no stimulus and non-LPS treated cells (Figure 2).
The viability of SVIP-treated cells remained high, though their secreted TNF-o concentration was
slightly higher than those exposed to LPS alone possibly due to the formation of amorphous
aggregates at 5 uM (Figure 3) which might be responsible for inducing mild, non-specific
inflammation in Ms?2°, In contrast, VIP lacks any particle structure when observed by TEM
(data not shown). Upon the identification of this appropriate SVIP peptide, a series of amphiphiles
with the same chemical composition as the aforementioned VIPAs were produced by replacing the
VIP block with SVIP vyielding non-specific, scrambled micelles (SVIPAMs) for further
investigation (Table 1).

Table 1. Sequences of VIP and SVIP and chemical structures of VIPAs and SVIPAs

VIP, SVIP and VIP (SVIP) Amphiphiles Abbreviations
Ac-HSDAVFTDNYTRLRKQMAVKKYLNSILN-CONH, VIP
Ac-NSDLIATDSYTRMRKQVLANKKFHYLVN-CONH, SVIP
o}
o) HN/K 1 Pal S
/\/\/\/\/\/\/\AH/\A/H& VIP(SVIP)-KEKEKEKE-CONH, PalmK-VIP-(KE), or PalmK-SVIP -(KE),
0
/\/\/\/\/\/\/\)J\
0 NH s
/WWW\)LN«/\/E VIP(SVIP)-KEKEKEKE-CONH, Palm,K-VIP-(KE), or Palm,K- SVIP -(KE),
o)
A
() NH
A A A A A VIP(SVIP)-KEKEKKKK-CONH, Palm,K-VIP-(KE),K, or Palm,K-SVIP (KE),K
H’\/\)\g ( ) ) 2 (KE).K, 2 (KE).K,
0
/\/\/v\/\/\/\)K
0 NH
Ao Ay~ A VIP(VIP)-KEKEEEEE-CONI, Palm.K-VIP-(KE),E, or Palm,K-SVIP (KE),E,
H o
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Figure 2. Influence of 6-hour 5 uM SVIP exposure on LPS-activated Mo cell health (a) and TNF-
a secretion (b). In each graph (n = 4), groups possessing the same letter have no statistically
significant difference (p > 0.05).
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Figure 3. Amorphous aggregates formed for SVIP at 5 puM. The micrograph was taken at a
magnification of 12,000 x with the scale bar representing 200 nm.

Once all VIPA and SVIPA formulations were synthesized (i.e., PalmK-VIP-(KE)a,
Palm2K-VIP-(KE)a, Palm2K-VIP-(KE)2K4 and Palm;K-VIP-(KE)2E4, and SVIP analogs), CMCs
were obtained to determine the minimal PA concentrations necessary for micelle formation as well
as to observe the relationship between PA chemical structure and micellization (Figure 4). All
four VIPAs possessed relatively low CMCs with two formulations (i.e., Palm2K-VIP-(KE)s and
Palm.K-VIP-(KE).E4) exhibiting a second CMC possibly indicating a secondary micelle structure
transition. When looking at the initial CMC values for each formulation, single lipid VIPAs (i.e.,
PalmK-VIP-(KE)4) had the highest concentration (Figure 4a — 0.333 uM). Interestingly, Palm2K-
VIP-(KE)4 had a lower CMC (Figure 4b — 0.0872 uM) than both single lipid VIPAs and double
lipid VIPAS possessing uneven ratios of either lysines or glutamic acids (i.e., Figure 4c - PalmK-
VIP-(KE)2K4 - 0.304 uM and Figure 4d - PalmzK-VIP-(KE)2E4 - 0.182 uM). We have previously
noted the lipid number effect as being likely due to lipid-peptide hydrophobicity differences
influencing micellization?® and now the new charge block effect could potentially arise from
charge repulsion between the hydrophilic head groups®. The CMCs of the four SVIPA analogs
were determined to better understand the influence bioactive peptide chemical structure has on
micelle formation and architecture (Figure e-h). The physical characterization results for all VIPA
and SVIPA formulations are summarized in Table 2 to allow for easier comparisons among the
data across different parameters. The micellization behavior of SVIPA formulations was relatively
similar to that of VIPAs. The CMC of the single lipid SVIPA (i.e., PalmK-SVIP-(KE)4, Figure e -
2.85 uM) was found to be higher than its double lipid SVIPA analog (i.e., Palm2K-SVIP-(KE)a,
Figure f - 0.158 uM) which follows the same convention found for VIPAs. Additionally, two
CMCs were observed for zwit-an double lipid SVIPA (i.e., Palm;K-5VIP-(KE).E4, Figure h)
similar to its corresponding VIP formulation (i.e., Palm:K-VIP-(KE)2E4, Figure d). Interestingly,
zwit double lipid SVIPA (i.e., Palm;K- SVIP-(KE)4, Figure f) and zwit-cat double lipid SVIPA
(i.e., Palm2K- SVIP-(KE).K4, Figure g) exhibited one and two CMCs, respectively, which is
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inverted from what was found for their analogous VIP formulations (i.e., Figure b - PalmzK- VIP-
(KE)s and Figure ¢ - PalmzK- VIP-(KE)2Ka4).

Excitingly, all VIPA and SVIPA formulations formed micelles at the identified biological
working concentration (i.e., 5 uM), so the morphology of all VIPAMs and SVIPAMs at this
concentration was assessed using TEM (Figure 5). To assist in describing nanoparticle shape,
micelle architecture was divided into six categories: spheres (L/D ~ 1), short cylinders (3 < L/D <
10), small cylinders (10 < L/D < 30), medium cylinders (30 < L/D < 100), large cylinders (100 <
L/D < 300), and long cylinders (300 < L/D). It was found that PalImK-VIP-(KE)4 formed mostly
large/long cylinders (1000 - 9000 nm in length), Palm2K-VIP-(KE)4 yielded almost exclusively
small/medium cylinders (100 - 700 nm in length), Palm.K-VIP-(KE).K4 generated predominantly
spheres (10 - 15 nm in length), and Palm.K-VIP-(KE).E4 created a mix of spheres (10 - 20 nm in
diameter) and short/small cylinders (20 - 300 nm in length) (Figure 5a-d). Single lipid VIPAS
(i.e., PalmK-VIP-(KE)s) assembled into more elongated structures (Figure 5a) compared to
double lipid VIPASs (i.e., PalmK-VIP-(KE)s, Palm:K-VIP-(KE).Kas, and Palm:K-VIP-(KE)2E4)
(Figure 5b-d). The greater steric hindrance found in the hydrophobic core of double lipid VIPAMs
in contrast to the single lipid VIPAMs likely resulted in much looser amphiphile packing causing
the effective head group area (ao) to be greater than the doubling of the hydrocarbon core volume
(v) leading to overall lower CPP values. This observation is similar to previously published results
on the influence lipid number has on micelle size!!. Furthermore, zwit-cat double lipid VIPA (i.e.,
PalmzK-VIP-(KE)2K4) and zwit-an double lipid VIPA (i.e., Palm2K-VIP-(KE)2E4) assembled into
more compact micelles (i.e., Figure 5c-d - at least some population of spheres was found with
both formulations) than zwit double lipid VIPA (i.e., Figure 5b - Palm;K-VIP-(KE)s - only
cylindrical micelles). This result suggested that corona-based charge repulsion was likely able to
further increase effective head group area (ao) leading to even greater micelle curvature. For
SVIPAMSs, the similarities and differences detected in the CMC profiles between VIPAs and
SVIPAs with the same N-terminal and C-terminal chemical modifications was also reflected in
their micellar morphologies. TEM images of PalImK-SVIP-(KE)4, Palm2K-SVIP-(KE)s, PalmK-
SVIP-(KE):K4, and Palm,K-SVIP-(KE);E4 revealed their structures to be mostly large/long
cylinders (1000 - 9000 nm in length), spheres (10 - 15 nm in diameter), small/medium cylinders
(100 - 400 nm in length), and a mix of spheres (10 - 20 nm in diameter) and short/small cylinders
(50 - 250 nm in length), respectively (Figure e-h). Single lipid SVIPA (i.e., Figure e - PalmK-
SVIP-(KE)4) and zwit-an double lipid SVIPA (i.e., Figure h - Palm;K-SVIP-(KE);E4) possessed
similar architectures as their VIPA counterparts (Figure 5a and Figure 5d). Remarkably, the other
two SVIPA formulations flipped micelle shapes with their VIPA counterparts with compact
micelles generated by zwit-cat double lipid SVIPA (Figure g) and zwit double lipid VIPA (Figure
5f) whereas mostly spherical micelles were present with zwit double lipid SVIPA (Figure f) and
zwit-cat double lipid VIPA (Figure 5g). This inversion mimicked what was observed with CMCs
further supporting the semi-stable spherical micelle shape found with some formulations.
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Figure 4. Critical micelle concentration (CMC) and all VIPAM formulations and SVIPAM
analogs. PalmK-VIP-(KE)s (a), Palm2K-VIP-(KE)s (b), Palm2K-VIP-(KE)2K4 (c), and PalmzK-
VIP-(KE)2E4 (d) are shown in blue, whereas their scrambled counterparts (e-h) are shown in
orange. All micrographs were taken at a magnification of 12,000 x with the scale bar for all images
set at 200 nm.
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scrambled counterparts (e-h) were imaged with negative stain TEM. All micrographs were taken
at a magnification of 12,000 x with the scale bar for all images representing 200 nm.

Table 2. Structural characterization of VIPAs and SVIPAs.

Zeta Potential . Zeta Potential .
VIPAs CMC (uM) (mv) Size (nm) VIPAs CMC (uM) (mV) Size (nm)

PalmK-VIP-(KE), PalmK-SVIP-(KE),

(Mostly Large/Long 0.333 -2.46 +6.96 - (Mostly Large/Long 0.333 -0.774 +9.64
Cylinders) Cylinders)
Palm,K-VIP-(KE), 0.0872 (15 . Palm,K-SVIP-(KE), 0.0872 (1sY)
(Small/Medium Cylinders) | 0.409 (2"9) 125=11.0 (Spheres) 0.409 (2"9) 6.60+10.2 41.0+14.9

Palm,K-VIP-(KE),K, Palm,K-SVIP-(KE),K,

(Mostly Spheres) 0.304 21.9+12.6 55.8+17.5 (Small/Medium Cylinders) 0.304 20.2+14.6
Palm,K-VIP-(KE),E, 0.182 (1% Palm,K-SVIP-(KE),E, 0.182 (1%

(Spheres + Short/Small 2.72 (29) -12.4+5.44 - (Spheres + Short/Small 2.72 (279) 12.6£12.0

Cylinders) Cylinders)

After determining approximate micelle sizes using TEM, dynamic light scattering (DLS)
was further employed to assess the size of spherical micelles in solution. PAM formulations which
generated any elongated micelles were not measured due to limitations associated with this
technique when used with moderate to high aspect ratio particles. Unsurprisingly, the diameters of
spherical PAMs in solution ranged between 40 - 60 nm, approximately four times their dehydrated
size, due to swelling of the hydrophilic PAM corona. In addition to size, surface charge was
determined for each formulation as charge is known to play an important role in the toxicity and
bioactivity of nanoparticles in vivo!'. While differences were observed and are discussed below, it
should be noted that all values are in a range of -25 - +25 mV, which has typically not been extreme
enough in either direction to greatly influence cell-nanoparticle interactions'*1%3 Balanced
zwitterion-like PAs containing a single lipid tail were slightly negatively charged and overall more
neutral than the double-lipid versions, which, given that both PAs contain the same quantity and
composition of charged residues, may have stemmed from structural differences and possible
charge-shielding effects seen with nanoparticles possessing unique architectures®. Both zwit-cat
PA formulations (i.e., Palm.K-VIP-(KE).K4 and Palm;K-SVIP-(KE).K4) were expectedly more
positively charged, but interestingly therapeutic and scrambled zwit-an formulations diverged
from one another. Specifically, Palm,K-VIP-(KE)2E4 had a negative zeta potential whereas the
scrambled analog (i.e., Palm.K-SVIP-(KE);E4) possessed an equivalent but positive charge.
Although both of these formulations yield a mixture of spherical and short cylindrical micelles and
contain the same composition of amino acids, it may be possible that differences in secondary
structure within each PA play a crucial role in their folding given that the therapeutic and
scrambled peptides are distinct in their specific sequence. Because peptide secondary structure has
been demonstrated to play a profound role in influencing amphiphile packing and thus micelle size
and shape*2®, such structure likely impacts the amino acid composition present on the micellar
surface yielding different measured surface charge. Circular dichroism (CD) assessment of
VIPAMs and SVIPAMs revealed exciting secondary structure differences between the
formulations (Table 3). VIP and SVIP were found to contain a near even mix of organized
secondary structure (i.e., combined a-helix and -sheet content - 49.4% and 46.6%, respectively)
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and disorganized secondary structure (i.e., random coil content - 50.6% and 53.4%, respectively).
In contrast to free peptides in solution, all VIPAM and SVIPAM formulations possessed
considerably greater organized secondary structure content (i.e., 65.7% - 100%) likely due to
micellization itself. Confinement of PAs within micelles mimics an artificial tertiary structure
which can induce and stabilize organized peptide secondary structure®’. For single lipid micelles
(i.e., PalImK-VIP-(KE)s and PalmK-SVIP-(KE)4), considerable changes in the distribution of a-
helical, B-sheet, and random coil content did little to impact their elongated cylindrical shape. In
contrast, double lipid micelles displayed a clear relationship between shape and peptide secondary
structure. Double lipid, spherical micelles (i.e., Palm;K-VIP-(KE).K4 and Palm;K-SVIP-(KE),)
possessed the greatest combined a-helix and random coil content (i.e., 46.5% and 41.5%,
respectively). while double lipid formulations with considerable cylindrical micelle populations
(i.e., PalmK-VIP-(KE)s, Palm:K-VIP-(KE);Es, Palm;K-SVIP-(KE),Ks, and PalmK-SVIP-
(KE)2E4) contained a much lower quantity of these (i.e., 0% - 13.3%). The bulky nature of a-
helical and random coil peptide secondary structures has been shown to promote spherical micelle
formation, whereas [-sheet structures associated with tighter amphiphile packing and reduced ao
values driving cylindrical micelle production®. After examining the unique structural relationships
between VIPAM and SVIPAM formulations, micelle-cell interactions mediated by VIP/VPAC
binding were studied.

Table 3. Secondary structure of VIPAMs and SVIPAMS.

VIPAs o-Helix | B-Sheet | Random Coil SVIPAs a-Helix | B-Sheet |Random Coil
VIP 8.1% 41.3% 50.6% SVIP 7.9% 38.6% 53.4%
PalmK-VIP-(KE)4 PalmK-*VIP-(KE)
Mostly Large/Long Cylinders 18.9% 81.1% 0.0% Mostly Large/Long Cylinders 33.7% 32.0% 34.3%
S
PalmgE VIP (KB} | 133% | s67% 0.0% Bl NIEN(EED: 19.7% | 58.5% | 21.8%
mall/Mediuvm Cylinders Spheres
Palm,K-VIP-(KE):K4 PalmK-SVIP-(KE):Ka
Mostly Spheres 17.3% 53.8% 28.9% Small/Medium Cylinders 0.0% 100.0% 0.0%
Palm,K-VIP-(KE),E4 Palm:K-*VIP-(KE);Es
Spheres + Short/Small Cylinders 12.1% 87.9% 0.0% Spheres + Short/Small Cylinders 0.0% 100.0% 0.0%

Cell Association and Uptake of Micelles with Varying Chemical and Physical Properties

To investigate the influence VIPAMs and SVIPAMs with different shapes and sizes have
on Maos, initial (i.e., 1 hour) and prolonged (i.e., 6 hours) micelle/cell co-incubation was observed
using confocal microscopy (Figure and Figure ). Green dot clusters located between the cell
nucleus (blue) and cell membrane (red) were indicative of micelle internalization and denoted with
yellow arrows. In contrast, yellow-green dot masses found co-localized with the cell membrane
were considered surface-associated and highlighted with grey arrows. At the earlier time point,
VIPAM chemistries capable of forming spherical micelles (i.e., Palm;K-VIP-(KE).Ks and
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Palm:K-VIP-(KE).E4) were found to be both associated with the cell surface of Mgs as well as
between the membrane and nucleus (Figure c-d). Conversely, VIPAMs which formed cylindrical
micelles (i.e., Palm;K-VIP-(KE)s and PalmK-VIP-(KE)4) were only found along the Mg cell
membrane (Figure a-b). At 6 hours, Me-internalized micelles were found for all VIPAM
chemistries that generated spherical and more compact cylindrical micelles (Figure f-h) whereas
the elongated cylindrical micelles made by PalmK-VIP-(KE)4 remained solely associated with the
cell surface (Figure 6e). Mo uptake of SVIPAM formulations that formed spherical and more
compact cylindrical micelles (i.e., Palm;K-SVIP-(KE)4, Palm,K-SVIP-(KE)2E4, and Palm,K-SVIP-
(KE)2K4) was observed at both time points (Figure b-d, f-h). In contrast, limited M¢ association
with and no internalization of elongated cylindrical PalmK-SVIP-(KE)s micelles was observed
throughout the experiment (Figure a,e). The rapid internalization of spherical and short cylindrical
micelles independent of peptide chemistry (Figure 6c-d and Figure 7c-d) aligns with effects
expected from endocytosis of extracellular material under 100 nm in size®. Specifically, multiple
endocytic pathways capable of internalizing extracellular material within this size range lead to no
advantage of VPAC targeting by VIPAMSs over SVIPAMs. Interestingly, small/medium cylindrical
micelle-inducing formulations possessed chemistry-dependent internalization speed with VIPAMSs
being uptaken by Megs more slowly than SVIPAMs (Figure 6b,f and Figure 7c,g). Previous
research has shown that intermediate-sized particles (i.e., 300 - 3000 nm) are capable of fitting
into the ruffles of the APC cell membrane more easily than their smaller or larger
counterpartst?1°3940 and can be readily internalized by phagocytosis***°. While SVIPAMs would
be able to follow this relatively quick uptake pathway, VIPAMs likely bind their cognate surface
receptor (i.e., VPAC) localizing them there for longer periods of time. Previous research has found
that Mos can internalize materials by phagocytosis within an hour*, whereas significant VPAC
internalization due to VIP binding* may take longer**-*® and be inefficient for the internalization
of intermediate-sized particles*®. The chemistry-dependent association of long cylindrical micelles
(> 3000 nm) is unsurprising as these would be too large to fit into the cell membrane ruffles, so
only those that could directly bind the cell surface (i.e., VIPAMs to VPAC) would be capable of
co-localizing with cells (Figure 6a,e). Conversely, those that could not bind VPAC (i.e.,
SVIPAMS) would be unable to facilitate prolonged contact with cells (Figure 7a,e). The lack of
internalization by surface-associated long cylindrical VIPAMSs is expected as their size would
require considerable cell membrane movement and reorganization which is a time- and energy-
consuming processt®. To better quantify the interesting effects that micelle shape and size have on
cell association, the interactions VIPAMs and SVIPAMSs have with co-incubated Mgs were also
analyzed by flow cytometry.
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Figure 6. Representative confocal micrographs from 4 independent replicates of VIPAM
association with Mes at 1 hour (a-d) and 6 hours (e-h). The cell membrane and cell nucleus were
stained by WGA (red) and DAPI (blue), respectively, whereas the FAM-labeled micelles appear
in green. Yellow arrows indicate internalized micelles and grey arrows indicate micelles associated
with the cell surface. Images were taken using a 40 X lens for which the scale bar is equal to 20
Km.
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Figure 7. Representative confocal micrographs from 4 independent replicates of SVIPAM
association with Mes at 1 hour (a-d) and 6 hours (e-h). The cell membrane and cell nucleus were
stained by WGA (red) and DAPI (blue), respectively, whereas the FAM-labeled micelles appear
in green. Yellow arrows indicate internalized micelles and grey arrows indicate micelles associated
with the cell surface. Images were taken using a 40 X lens for which the scale bar is equal to 20
pm.
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Meos were co-cultured with all micelle formulations for one and six hours, and the
percentage of Meos associated with fluorophore-labeled micelles as well as their median
fluorescence intensity (MFI) were measured (Figure 8 and Figure 9). Unsurprisingly, micelle
peptide specificity was found to play a crucial role in facilitating rapid cell association as Mes
were 2 - 10 times more likely to be associated with VIPAMs than their analogous SVIPAMs at the
early time point (Figure a). In addition, all tested VIPAMSs, though possessing different
morphologies, facilitated initial association with a similar percentage of Mgs suggesting this
phenomenon was mainly regulated by cell surface receptor specificity regardless of micelle shape
and size. Without this receptor-mediated effect, Mos preferred to associate with small/medium
cylindrical SVIPAMs (i.e., Palm:K->VIP-(KE)2K4) which can be efficiently entrapped in Mo
membrane ruffles. The MFI of fluorophore-labeled micelle-associated Ms was relatively low for
all formulations after 1 hour of co-incubation suggesting only a few micelles were associated with
Mes at this early time point (Figure b). Large/long cylindrical VIPAMs displayed a slightly higher
MFI relative to all other formulations resulting from their increased fluorescence signal per
micelle.
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Figure 8. Fluorescence-positive cell population to total cell population percentage (a) and mean
fluorescence intensity (MFI) (b) of Mes incubated for 1 hour with different shape and size
VIPAMs or SVIPAMs (n = 4). In each graph, groups possessing the same letter or not possessing
a star between them have no statistically significant difference (p > 0.05). Black (A - B) and grey
(Y - Z) letters were used respectively to compare different shape and size VIPAMSs or SVIPAMs,
while * was used to compare VIPAMs and SVIPAMs that possessed the same shape and size.

At 6 hours, almost all Mes were associated with co-cultured micelles regardless of their
chemistry, shape, or size, besides large/long cylindrical SVIPAMs (i.e., PalmK-SVIP-(KE)s)
(Figure a). Nearly 75% of Mgs were found associated with long cylindrical VIPAMs, but their
low MFI suggests low numbers of micelles were present per cell with each micelle contributing a
large fluorescent output. The large size and non-specificity of long cylindrical SVIPAMSs greatly
limited their association with Mgs and engulfment by M membrane ruffles™>*° as well, which
aligns with prior data (Figure 7e). The quantity of micelle association with Mgs, as reported by
MFI, showed that VIPAM formulations that generate solely spherical (i.e., P2K-VIP-(KE)2K4) or
solely small/medium cylindrical micelles (i.e., Palm2K-VIP-(KE)4) had significantly higher MFIs
compared with long cylinders, coinciding with their smaller size and improved ability to associate
with and cross the cell membrane (Figure 9b). Furthermore, spherical micelles displayed an even
greater MFI over small/medium cylindrical micelles. Although less is known about the size of
VPAC receptors, typical GPCr transmembrane segments have diameters capable of
accommodating only very small micelles*’. Because spherical micelles are made of less individual
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PAs, a greater number of total micelles would be formed upon reconstitution. Spherical micelles
might then maximize VPAC receptor occupation relative to other VIPAM formulations as more
micelles capable of interacting with their cognate receptors would be expected at any single time
point. Interestingly, the greatest Mo association was found with Palm:K-VIP-(KE).E4 which
forms a mix of spherical and short/small cylindrical micelles, potentially reflecting the impact of
PAM size on Mg association as well as the importance of fluorophore-labelled PA content per
micelle. In contrast to spherical micelles, the largest-sized VIPAMs (i.e., Palm2K-VIP-(KE)4 and
PalmK-VIP-(KE)s4) contain much more PAs per micelle and thus possess more fluorophore-
labelled PAs per micelle (~ 15 - 1,500) as well, compared to the ~ 2 - 4 expected for spherical
micelles. Association events between these bigger VIPAMs and VPAC receptor(s), though less in
frequency, would yield a much higher fluorescence payload, though large micelle size might
reduce Mo VPAC occupancy due to shielding of unbound receptors. Palm2K-VIP-(KE)2E4 forms
both spherical and small cylindrical micelles, which may function synergistically to increase the
number of receptor binding events and total delivered fluorescence payload. The sizeable spherical
PAM population can accommodate many cell surface receptors, while the cylinders observed in
this formulation may possess a somewhat high fluorophore per micelle content (~ 3 - 50),
enhancing the resulting fluorescence signal. Moreover, their smaller size might circumvent the
problem of shielding unbound receptors leading to efficient VPAC binding. This data corresponds
well to the confocal microscopy results which showed co-incubated Mgs had their cell membranes
coated by PalmyK-VIP-(KE).E4 micelles (Figure h) to a much greater extent than all other VIPAM
formulations (Figure e-g).

Without cell surface receptor specificity, the MFI of Mes associated with SVIPAMs remained
lower than or similar to that of Mes contacting VIPAMs. All SVIPAM formulations except one
demonstrated insignificantly different levels of cell interactions, with small/medium cylindrical
SVIPAM s displaying an enhanced level of fluorescence similar to that of the structurally analogous
VIPAMs. The relatively high uptake of nonspecific small/medium cylinders aligns with previous
observations (Figure 7f). With this formulation, VPAC specificity may slow down PA and PAM
internalization over nonspecific micelles by localizing VIPAMs at their cognate receptors*3-4°
preventing efficient cellular entry by phagocytosis. Comparing cell association across micelles
with different peptide chemistry showed that all VIPAMSs yielded greater or similar MFI values
relative to their SVIPAM counterparts indicating the overall value of VPAC-based Mg targeting.
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Figure 9. Fluorescence-positive cell population to total cell population percentage (a) and mean
fluorescence intensity (MFI) (b) of Mes incubated for 6 hours with different shape and size
VIPAMs or SVIPAMSs (n = 4). In each graph, groups possessing the same letter or not possessing
a star between them have no statistically significant difference (p > 0.05). Black (A - B) and grey
(Y - Z) letters were used respectively to compare different shape and size VIPAMSs or SVIPAMs,
while * was used to compare VIPAMSs and SVIPAMs that possessed the same shape and size.

Conclusion

This research provides significant insight into how modifications in lipid content and peptide
sequence can be leveraged to generate PAMSs of varying shapes and sizes which directly influences
their association to and uptake by Mes. Micelle morphology was greatly influenced by lipid tail
steric hindrance as well as more finely manipulatable by minor changes in hydrophilic peptide
block amino acid content. Interestingly, altering the position of the amino acids within the
bioactive peptide region (i.e., using SVIP compared to VIP) modulated which double lipid PAs
formed various nanostructures though batches of similar micelle architectures were able to be
made regardless of whether VIP or SVIP was incorporated. Co-incubation of these various micelle
formulations with Mes revealed that presentation of cell targeting VIP over its scrambled peptide
analog (i.e., SVIP) dictated rapid association with VIP, more so than micelle shape and size. That
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being said, prolonged micelle association with and internalization by Mes was likely influenced
by a combination of biomolecular material structure and chemistry as well as route of entry into
cells. Although all VIPAMs demonstrated greater or similar levels of cellular association
compared to SVIPAMs, structurally dissimilar micelles interacted with cells at different rates
indicating potential differences in internalization mechanism. Smaller VPAC-specific micelles
present in larger numbers may bind a large quantity of VPAC receptors while also exploiting other
mechanisms of nonspecific internalization®?*. By contrast, slightly larger small/medium
cylindrical micelles not specific to VPAC may actually benefit from non-specificity as these are
more rapidly internalized by phagocytosis than VPAC-specific, smaller or larger particles?131938-
%0, From these studies, Palm,K-VIP-(KE)-E+ was found to produce a mix of spherical and
short/small cylindrical micelles from 10 - 300 nm in their largest dimension, which achieved the
best Mo association being able to be both internalized by cells and persist on the cell surface.
While exciting, the influence micelle receptor specificity and material properties have on their
bioactivity still needs to be further studied to help generate more detailed chemistry-structure-
function relationships for immunomodulatory materials as well as specifically down select the
formulation best capable of inducing productive and sustained anti-inflammatory effects for future
clinical applications. The next step in this research involves comprehensive cytokine profiling,
including pro-inflammatory markers such as IL-1p, IL-6, and IFN-y as well as anti-inflammatory
cytokines like 1L-10 and TGF-B. These data, combined with in vivo studies in relevant disease
models, will offer strong support for validating the therapeutic potential of VIPAMSs, advancing
their application in immunomodulatory research.
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